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without direct supporting evidence, that bone stores of HCO32/Acid and mineral balances and bone in familial proximal renal
CO35 are reduced, as has been observed in patients with thetubular acidosis.
metabolic acidosis of chronic renal failure and in experimentalBackground. Metabolic acidosis caused by increased rates
metabolic acidosis in animals.of fixed acid production is associated with increased urinary
excretion of Ca and negative Ca balances. Metabolic acidosis
caused by a reduced capacity of the kidneys to excrete acid
contributes to the development of bone disease in the course Healthy subjects eating normal diets are in acid bal-of chronic renal failure and may be associated with bone disease
ance. Chronic metabolic acidosis induced by NH4Cl inamong some patients with renal tubular acidosis.
healthy subjects is associated with more positive acidMethods. To assess the effects of life-long metabolic acidosis
alone in the absence of other physiological disturbances, we balances and with negative calcium (Ca) balances that
measured the net balances of fixed acid and minerals in two result from hypercalciuria [1, 2]. Similarly, acid balances
brothers in a Costa Rican family with hereditary proximal renal are positive, and Ca balances are negative during sponta-tubular acidosis. Bone radiographs were assessed, and radial
neous acidosis among patients with chronic azotemicbone densities were measured. On a subsequent occasion, trans-
kidney diseases or with distal renal tubular acidosisiliac bone biopsies, following double-tetracycline labeling, were
obtained from these two patients and an unaffected brother. (RTA) [3]. Ongoing treatment of patients with chronic
Results. During the balance studies, serum [HCO32] concen- azotemic kidney diseases with NaHCO3 in doses suffi-trations of the two affected patients were stable at 12.5 6 0.9 cient to sustain normal serum HCO3 concentrations re-and 19.2 6 0.7 mmol/L, respectively. Their rates of net fixed
turns acid balances to levels not different from zero andacid production were normal and appropriate for their body
increases Ca balances to less negative levels [4]. Basedweights, averaging 0.90 and 1.02 mEq/kg/day. Because their
distal renal tubular function was normal, they were capable of on those observations, we have proposed that chronic
acidifying their urine maximally, allowing sufficient urinary metabolic acidosis could contribute to the development
excretion of titratable acid and ammonium to maintain net
of bone disease.acid excretion at a level that matched acid production. Thus,
By contrast, infants with transient proximal RTA dotheir acid balances were near zero, as observed among healthy
subjects, at –1.9 6 2.3 and 22.2 6 2.2 mEq/day, respectively. not exhibit either hypercalciuria or bone disease [5].
Their rates of urinary Ca excretion were normal at 1.6 6 0.3 Moreover, the affected members of a family with isolated
and 2.7 6 2.4 mmol/day, and the their balances of Ca and other proximal RTA persisting into adult life (described by
minerals were close to zero so that ongoing bone loss was
Brenes, Brenes, and Hernandez) [6], although shorternot occurring despite the acidosis. Nevertheless, their heights,
in stature than their unaffected relatives, also do notrelative to their ages, were shorter than the heights of their
unaffected relatives. Their radial bone densities were lower exhibit either hypercalciuria or radiographic evidence of
than normal for their age and sex, and their iliac cortices were either osteomalacia or osteitis fibrosa. In the present
thinner than that of their unaffected brother. However, they study, we observed acid and mineral balances in thehad no histomorphometric evidence of osteomalacia or osteitis
proband in that family and one of his affected brothers.fibrosa, and their rates of bone mineralization were normal.
In addition, bone density was measured. Subsequently,Conclusions. The results indicate that this chronic metabolic
acidosis reduces growth, including that of bone. We speculate, bone biopsies were obtained from these two patients
and from an unaffected brother. Despite acidosis, neither
of the affected brothers exhibited positive acid balances,Key words: metabolic acidosis, growth of bone, chronic renal failure,
urinary calcium, radial bone density, iliac cortices, hypercalciuria. hypercalciuria, or negative Ca balance nor hypophospha-
temia or negative phosphorus (PO4) balances. Their ra-Received for publication December 2, 1999
dial bone densities were low relative to age- and sex-and in revised form March 22, 2000
Accepted for publication March 27, 2000 matched healthy subjects. Their bone biopsies showed
thin cortices; however, bone mineralization rates wereÓ 2000 by the International Society of Nephrology
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normal, and there was no histomorphometric evidence later while they remained untreated and acidotic. At the
of osteomalacia or fibrosis. These results suggest that same time, a bone biopsy was also obtained from an
chronic metabolic acidosis alone is not sufficient for the unaffected brother, III-3, when he was 26 years old.
development of clinical bone disease and that other
Analytical methodsmechanisms are required. An abstract providing some
of these data has been published earlier (abstract; Lem- Mineral and acid balances were measured using pre-
ann et al, Kidney Int 10:561, 1976). viously described techniques [9]. Serum immunoreactive
parathyroid hormone (iPTH) levels were measured using
an antibody kindly provided by Eduardo Slatopolsky,METHODS
M.D. (Washington University, St. Louis, MO, USA) and
Patients a double-antibody technique [10]. iPTH levels among
The detailed clinical observations of the family have healthy adults averaged 5.8 6 1.8 SD mLEq/mL (N 5
been presented [6]. We studied the proband, III-9, and 83). Serum total 25-OH-vitamin D (calcifediol), 24,25-
an affected brother, III-7. At the time of his study, III-9 (OH)2-D, and 1,25-(OH)2-D (calcitriol) levels were mea-
was 20 years old, growth retarded, and still prepubertal sured by receptor-binding assays [11, 12]. Among healthy
[height 1.10 m, weight 26 kg, body mass index (BMI) adults, 25-OH-D levels averaged 70 6 28 nmol/L (N 5
21.5 kg/m2, and surface area 0.87 m2]. He had bilateral 66) without regard to season. 24,25-(OH)2-D averaged
colaboma and idiopathic subaortic stenosis. Subsequent 4.3 6 2.0 nmol/L, and total 1,25-(OH)2-D averaged 82 6
to the studies reported here, he continued to grow, at- 27 pmol/L (N 5 36). Quantitative measurements of amino
taining a height of 1.34 m, and underwent sexual matura- acids in plasma and urine were determined by column
tion. Eighteen years later, while still acidotic, he sus- chromatography through the courtesy of Kenneth E.
tained traumatic fractures of his left tibia and fibula that Whisler, M.D. (Milwaukee Children’s Hospital, Milwau-
healed within three months. III-7 was a 25-year-old kee, WI, USA). Urinary citrate was kindly measured
asymptomatic laborer and father of two (height 1.42 m, using a citrate lyase assay by David P. Simpson, M.D.
weight 45 kg, BMI 22.3 kg/m2, and surface area 1.32 m2). (University of Wisconsin, Madison, WI, USA). Addi-
tional measurements of urine citrate were also madeStudies
subsequently using a similar assay [13] for studies of
The studies were carried out in the Medical College healthy subjects while untreated and when given NH4Clof Wisconsin Clinical Research Center in the Milwaukee or NaHCO3 or KHCO3. Plasma renin activity [14] andCounty Medical Complex (Milwaukee, WI, USA). Both
plasma aldosterone concentrations [15] were measured
patients were adapted to individually constant diets for
through the courtesy of Harold D. Itskovitz, M.D. Someseven days. Balances were then measured during two
additional measurements were made using standard meth-consecutive six-day balance periods in each patient while
ods available in the Clinical Laboratories of the Milwau-they were steadily acidotic. Fasting blood specimens
kee County Medical Complex.were obtained on six days during each study. Because
The bone biopsies were fixed and embedded, and un-of his preference for cake and other sweet foods, it was
decalcified sections were prepared as described pre-difficult to devise a constant diet for the proband, III-9.
viously [16].However, he eventually faithfully maintained a diet
Results are presented as mean values, and where ap-markedly restricted in Ca, consisting of chicken, frank-
propriate, variances are shown as standard deviations.furters, rice, potatoes, beans, and chocolate cake. His
brother ate a diet that is typical of a resident of the
United States. On an immediately subsequent occasion, RESULTS
balances were measured during a single seven-day pe-
The acidosis
riod, while these patients ate diets providing 15 mmol
When untreated, the proband III-9 had a serumNa/day or less.
[HCO32] concentration ranging from 11.5 to 14 mEq/LRenal clearances were also measured in III-7 using pre-
and a venous blood pH ranging from 7.27 to 7.30 withviously described methods [7]. Plasma glucose, growth
a urine pH of 5.0 or less. When his serum [HCO32] hadhormone, and cortisol concentrations were measured be-
been raised to 23 mEq/L during NaHCO3 infusion, hisfore and serially during two hours after the administra-
percentage of urinary excretion of filtered HCO32 wastion of insulin. Standard radiographs as well as measure-
30% [6]. His brother, III-7, when untreated, had a serumments of bone density were obtained for both III-9 and
[HCO32] concentration ranging from 17 to 19 mEq/LIII-7 using single-photon absorptiometry at the distal
and a venous blood pH ranging from 7.26 to 7.30 withradius [8].
a urine pH of 5.0 or less. When his serum [HCO32]Trans-iliac bone biopsies, following double-tetracycline
labeling, were obtained from III-9 and III-7 two years had been increased to 21 mEq/L during oral NaHCO3
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Table 2. Blood acid-base measurements and components of acid balanceTable 1. Kidney function in the proband (III-9) and an
affected brother (III-7)
III-9 III-7
III-9 III-7
Blood composition
Venous blood pH 7.26 7.27CCr mL/min/1.73 m2 102 125
Cinulin mL/min/1.73 m2 Not measured 88 [H1] nEq/L 54.7 53.9
Serum [HCO32] mEq/L 12.4 19.1Urine protein mg/day 34 66
Glucosuria Absent Absent Serum [Na] mmol/L 133 136
Serum [Cl] mmol/L 119 114Amino aciduria Normal Normal
Serum [PO4] mmol/L 1.76 1.60 Serum [K] mmol/L 3.4 3.4
Unmeasured anion mEq/L 2 3%E/FPO4 14.1 6.7
Maximum osmolality mOsm/kg 935 960 Acid production
Urine SO45 mEq/day 19.9 32.2Minimum osmolality mOsm/kg Not measured 64
Minimum pH 4.80 4.80 Urine organic acid anion mEq/day 16.8 32.6
Diet cations 2 anions mEq/daya 25.0 36.6
Fecal cations 2 anions mEq/daya 11.8 18.8
Total fixed acid production mEq/dayb 23.5 47.0
Acid excretion
Urine pH 5.15 5.03loading, his percentage urinary excretion of filtered
[H1] nEq/L 7044 9332
HCO32 was 15% [6]. Urine titratable acid mEq/day 9.9 25.5
Urine NH41 mEq/day 15.4 26.0
Urine HCO32 mEq/day 0 0Kidney function
Net renal acid excretion mEq/dayc 25.3 51.5
As summarized in Table 1, both the proband, III-9, and Acid balance mEq/dayd 21.8 24.5
his affected brother, III-7, exhibited normal glomerular a Diet or fecal cations-anions 5 (Na1 1 K1 1 Ca11 1 Mg1), mEq/day 2
[(Cl) 1 (1.8 · PO4, mmol/day)], mEq/dayfiltration rates and normal rates of urinary protein excre- b Total fixed acid production 5 (SO45 1 O.A.) 2 [(diet cations 2 anions) 2
tion as evidence of normal glomerular permeability. (fecal cations 2 anions)], mEq/day
c Net renal acid excretion 5 T.A. 1 NH41 2 HCO32, mEq/dayTheir proximal tubular function, other than the defect d Acid balance 5 acid production 2 net renal acid excretion
in HCO32 reabsorption, was also normal, as demon-
strated by the absence of glucosuria or aminoaciduria,
as well as by normal serum [PO4] concentrations and
was approximately zero in each of them, averaging 21.9 6rates of percentage excretion of filtered [PO4] within the
2.3 mEq/day for III-9 and 22.2 6 2.2 mEq/day for III-7.normal range. Distal nephron function was normal, as
Despite the chronic metabolic acidosis in these pa-shown by their capacity to maximally concentrate and
tients, urinary NH41 excretion rates, factored by creati-acidify their urine. Their urine was not infected and they
nine to take account of body size, were not increased asdid not have a history of urolithiasis or radiographic
observed among subjects with comparably severe stableevidence of nephrocalcinosis. When dietary NaCl intake
metabolic acidosis induced by the ongoing administra-was restricted to 12 mmol/day for III-9 and 15 mmol/
tion of NH4Cl (Fig. 1A) [2, 17–28]. Nevertheless, theirday for III-7, their daily urinary Na and Cl excretion
urine was maximally acid for their degree of acidosisrates fell to 12 and 4 mmol/day, respectively. Dietary
(Fig. 1B), and their urinary excretion rates of NH41,Na restriction in III-9 and III-7 was accompanied by
factored by creatinine to take account of body size, wereincreases in plasma renin activity from 0.8 to 17.7 ng/
not significantly reduced in relationship to their urinemL/hour and from 2.3 to 14 ng/mL/hour, respectively,
pH (Fig. 1C). Furthermore, plasma concentrations ofand by increases in plasma aldosterone levels from 4.4
glutamine/asparagine, alanine, serine, glycine and glu-
to 74 mg/dL and from 3.1 to 66 mg/dL, respectively.
tamic acid, the amino acid precursors of ammonia pro-
duction by the kidney, were within the normal rangeAcid balance
(data not shown).
The components of the acid balance measurements Additionally, despite the systemic acidosis, daily uri-
for III-9 and for III-7 while they ate diets providing nary citrate excretion rates were within the normal range,
normal amounts of NaCl are shown in Table 2. When the averaging 1.34 mmol/day in the proband and 2.63 mmol/
two patients were observed during two six-day metabolic day in his brother. These citrate excretion rates, factored
periods while they were spontaneously and steadily aci- by creatinine to take account of body size, were within
dotic, their daily rates of endogenous fixed acid produc- the normal range in relationship to both serum [HCO32]
tion were stable and appropriate for their diets and their (Fig. 2A) and to net acid excretion (Fig. 2B). These
body sizes: III-9, 0.90 mEq/kg/day; and III-7, 1.02 mEq/ normal citrate excretion rates are in striking contrast to
kg/day. Furthermore, their daily rates of net renal acid the markedly low urinary citrate excretion rates that are
excretion (T.A. 1 NH41 2 HCO32) were also stable observed when chronic metabolic acidosis is produced
and closely approximated their daily rates of fixed acid among healthy subjects by the administration of NH4Cl
[25–28].production so that despite the acidosis, daily acid balance
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Fig. 2. (A) Urinary citrate/creatinine excretion in relationship to serum
bicarbonate concentrations in III-9 (*) and in III-7 (r) in comparison
to data among healthy men either eating various normal whole food
or formula diets alone (s) or also receiving KHCO3 or NaHCO3 (h),
or NH4Cl (n). For the studies in healthy men: Urine citrate/creatinine,
mmol/mmol 5 0.728 1 0.362 3 serum [HCO3–], mmol/L; r 5 0.73. (B)
Urinary citrate/creatinine excretion in relationship to urinary net acid/
creatinine excretion. Note that the vertical scales on the left express
citrate/creatinine as mmol/mmol while scales on the right express citrate/
creatinine as mg/g. Data are for the normal men adapted from various
studies [25–28].
Mineral balances
While they ate diets providing normal amounts of
NaCl, the dietary intakes of Ca, Mg, and PO4 for III-9
were 3.8, 6.6, and 24.6 mmol/day, respectively, while
those intakes for III-9 were 13.7, 9.8, and 42.1 mmol/
day. Balances of Ca, Mg, and PO4 for III-9 averaged
Fig. 1. (A) Urine NH4/creatinine in relationship to serum bicarbonate 23.1, 20.5, and 13.0 mmol/day, respectively, while those
concentrations in III-9 (*) and in III-7 (r) in comparison to data among for III-7 averaged 3.0, 1.1, and 6.4 mmol/day. As shownhealthy men either eating various normal whole food or formula diets
in Figure 3, III-9 and III-7 exhibited daily rates of netalone (s) or also receiving KHCO3 or NaHCO3 (h), methionine (,),
or NH4Cl (n). (B) Urine pH in relationship to serum bicarbonate intestinal absorption of Ca, Mg, and PO4 that were ap-
concentrations. (C) Urine NH4/creatinine in relationship to urine pH. propriate for their dietary intakes. In turn, their dailyNote in panels A and C the vertical log scales and that units for the
urinary excretion rates of Ca, Mg, and PO4 were appro-left vertical scale are mEq NH4/mmol creatinine, while the units for
the right vertical scale are mEq NH4/g creatinine. Data for the normal priate for their rates of intestinal absorption of these
men are adapted from various sources [2, 17–28]. minerals [29]. Thus, daily balances of Ca, Mg, and PO4
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Fig. 3. (A) Net intestinal absorption in relationship to dietary intake for III-9 (*) and in III-7 (r) in comparison to ranges for Ca (h), PO4 (s),
and Mg (n) observed healthy subjects. (B) Urinary excretion rates in relationship to net intestinal absorption for III-9 (*) and in III-7 (r) in
comparison to ranges for Ca (h), PO4 (s), and Mg (n) observed in healthy subjects. The dashed lines indicate zero balance. Data for the normal
subjects are adapted and extended from references summarized in Lemann [28].
were within the expected normal range (Fig. 3). Small Concentrations in serum of Ca, PO4 and hormones
affecting bone. As shown in Table 4, the index patient,positive balances of Na, Cl, and K were observed in
both subjects, as expected, because of unmeasured losses III-9, had a slightly reduced serum total Ca concentration
commensurate with his mild degree of hypoalbumi-(data not shown).
As shown in Figure 4B, neither III-7 nor III-9 had nemia. His serum total PO4 concentration of 1.76 mmol/L
was appropriate for his bone age of nine years but wasincreased rates of urinary Ca excretion, despite their
chronic metabolic acidosis. By contrast, when compara- high relative to his chronological age [30]. His alkaline
phosphatase was low relative to his bone age. His serumbly severe stable metabolic acidosis is produced by ad-
ministering NH4Cl to healthy subjects, thereby increas- iPTH, 25-OH-D, and 24,25-(OH)2-D levels were all in
ing fixed acid production, increased rates Ca excretion the lower range of normal. His serum 1,25-(OH)2-D level
are invariably observed [2, 21–23, 25]. was high relative to the normal adult range, consistent
with his bone age of nine years [31] and, possibly, with
Bone his low Ca intake, despite his relatively low iPTH level.
All of these measurements for III-7 were within theRadiography and bone density. Radiographs of bone
demonstrated that the proband, III-9, had a bone age of normal range, except for his serum total PO4 concentra-
tion of 1.60 mmol/L, a value more than 2 SD above thenine years [32] with open epiphyses and thin bone corti-
ces. There was no radiographic evidence of rickets or mean for healthy adults.
Bone histomorphometry. The histomorphometric mea-subperiosteal bone resorption. The bone radiographs for
III-7 were normal. As shown in Table 3, bone density surements in bone are shown in Table 5. The undecalci-
fied sections of the trans-iliac bone biopsies obtainedat the distal radius for the proband, III-9, as estimated
by the ratio of mineral/width, was 22.5 SD below the from both patients, but not their unaffected brother,
were fractured across the trabecular bone and thus weremean for prepubertal males having a comparable bone
age. The radial bone density of his affected brother, III-7, technically less than adequate for quantitation of trabec-
ular surfaces [33]. Only total bone volume and relativewas 21.1 SD below the mean for men in the United
States of comparable age. osteoid volume are given. The outer cortex was quanti-
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Table 3. Bone densitometry
Distal radius Normal for Normal for
bone densitometry III-9 males age 9 III-7 males age 25
Bone mineral g/cm 0.37 0.5860.06 0.96 1.2960.17
Bone width cm 0.83 1.0560.11 1.21 1.4860.14
Mineral/width 0.46 0.5660.04 0.79 0.8760.07
Data are mean 6 SD.
of iliac bone document age and growth characteristics
for comparison to our biopsies. The normal appositional
rate has been determined for trabecular bone of Danish
adults and was found to average 0.65 6 0.12 mm/day [37].
Frost reported that appositional rates in the Haversian
system of the rib of young adults, ages 20 to 29 years,
averaged 1.2 mm/day [38]. The cellular rates of mineral-
ization in both patients and in their unaffected brother
were within these normal limits. There was no evidence
of fibrosis.
Additional studies
When initially evaluated prior to the studies described
here, the proband, III-9, was obviously malnourished, as
evidenced by his growth retardation, reluctance to eat
an adequate diet, and slight hypoalbuminemia (Table 4).
In addition, he demonstrated an iron deficiency anemia
(hematocrit 27%, hemoglobin 7.7 g/dL, MCV 66 m3, se-
rum Fe 16 mg/dL, and iron binding capacity 378 mg/dL)
presumed to be due to his prior diet restricted mainly
to carbohydrates. Iron supplements and a better diet
caused his hematocrit to rise to 35% within one month,
at which time the balance observations were begun.
In an effort to clarify further the mechanism for dwarf-
ism and delayed puberty in the proband, III-9, and the
Fig. 4. (A) Serum [HCO32] concentrations for III-9 (*) and in III-7 short stature of his brother, III-7, their responses to insu-
(r) in relationship to net fixed acid production/kg body wt/day in lin-induced hypoglycemia were evaluated. The proband
comparison to healthy subjects eating normal diets alone (h) or also
had no growth hormone response to hypoglycemia (min-given NH4Cl (m). (B) Urinary Ca excretion rates, mmol/day, for III-9 (*)
and in III-7 (r) in relationship to their serum [HCO32] concentrations in imum glucose 32 mg/dL) and also had no change in
comparison to healthy subjects eating normal diets alone (j) or also his normal fasting plasma cortisol concentration. Plasma
given NH4Cl (m). Data for normal subjects are adapted from various growth hormone and cortisol levels rose normally insources [2, 21–23, 25].
response to hypoglycemia (minimum glucose 44 mg/dL)
in III-7 (data not shown).
tated, and the dynamic parameter of the cellular rate of
DISCUSSIONmineralization was quantitated from cortical fluores-
Mechanisms for the acidosiscence. No osteoclasts were seen in the subperiosteal or
endosteal regions of the cortex in any biopsy. Cortical A defect in proximal tubular reabsorption of HCO32
osteoclasts were more numerous in the two patients than filtered across the glomeruli must account for the low
in their unaffected brother. Cortical porosity is greater serum [HCO32] and consequent acidosis that these pa-
in these biopsies of young Costa Rican males than have tients exhibit, as described in the original report of this
been reported in iliac crest biopsies of women with post- family [6]. Subsequent to the balance studies reported
menopausal osteoporosis [34] and glucocorticoid-treated here, Halperin et al proposed that this defect might result
adults [35] or in rib biopsies of patients with chronic from an underlying more alkaline intracellular fluid in
renal failure [36]. Cortical porosity increases during ac- cells of the proximal tubules caused by a defect in the
cellular exit of HCO32 across the basolateral membranecelerated longitudinal growth, but few systematic studies
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Table 4. Serum concentrations of Ca, PO4 and hormones affecting bone
III-9 III-7 Healthy subjects
Total Ca mmol/L 2.09 2.33 2.4460.10a
Total PO4 mmol/L 1.76 1.60 1.2260.18 adults
1.6360.13 ages 7–10 yearsb
Total Mg mmol/L 0.84 0.88 0.9160.06
Albumin g/dL 3.4 4.1 3.5 to 5.0
Alkaline phosphatase K-A units 8 14 4 to 17 adults
iPTH lLEq/mL 2.7 5.1 2 to 10 adults
25-OH-vitamin D nmol/L 19 40 48618 adults
24,24-(OH)2-vitamin D nmol/L 1.0 6.9 4.362.0
1,25-(OH)2-vitamin D pmol/L 199 121 82627
Thyroxine lg/dL not measured 6.6 5.3 to 14.3
a Variances throughout are shown as 6 SD
b From Bullock JK, Am J Dis Child 40:725, 1930
Table 5. Blood acid-base measurements and bone histomorphometry[40]. Such a defect would account for both the reduced
reabsorption of HCO32 and the normal, not increased, III-9 III-7 III-3
(proband) (affected) (unaffected)rates of proximal tubular ammonium production and
Blood compositionurinary NH41 excretion that these patients exhibit de-
pH 7.28 7.30 7.41spite the acidosis (Fig. 2). Brenes and Sanchez provided
pCO2, mm Hg 23 31 40further evidence for such a defect by demonstrating that HCO3, mmol/L 10.7 15.0 24.4
Histomorphometryin response to three days of loading with NH4Cl, 2.0
Total trabecular bone volume % 24.0 20.8 27.4mmol/kg/day, urinary NH41 excretion did not increase Relative osteoid volume % 2.9 4.2 3.5
as greatly among 8 affected family members with this Total area of cortex mm2 6.0 4.5 12.6
Cortical length mm 5.1 4.7 5.1disorder as among 10 healthy subjects [41]. Halperin et
Mean cortical width mm 1.2 0.9 2.5al also predicted that such a more alkaline proximal
Cortical porosity % 20.8 34.8 23.5
tubular intracellular fluid would be expected to result in Cortical osteoclasts
per mm2 area 2.5 1.3 0.2normal rates of urinary citrate excretion, despite the
per mm length 2.9 1.3 0.6systemic acidosis, unlike the very low rates of citrate
Cellular rate of mineralization
excretion that are seen among patients with distal RTA lm/day 1.1 0.8 0.9
or among healthy subjects given NH4Cl [40]. Normal
rates of urinary citrate excretion were observed during
the present balance studies (Fig. 3). Brenes et al subse-
quently observed normal rates of urinary citrate excre- individual subjects, N 5 14) by the ongoing administra-
tion of NH4Cl to normal healthy adult human beingstion in these patients together with a lesser decrease in
citrate excretion as compared with healthy subjects in with normal bones is accompanied by hypercalciuria,
averaging 12.3 6 4.2 mmol/day and ranging from 6.3 toresponse to five days of NH4Cl loading (abstract; J Am
Soc Nephrol 2:279, 1991). These data provide further 20.7 mmol/day in individual subjects [2, 22, 23]. Urinary
Ca excretion also increases when diabetic acidosis devel-support for the view that their proximal renal tubule cells
are more alkaline than normal. The possible molecular ops following the temporary withdrawal of insulin ther-
apy in insulin-dependent diabetics [39]. Conversely, themechanism(s) for a defect in HCO32 transport out of
proximal tubule cells across the basolateral membrane administration of NaHCO3 to healthy subjects, while
maintaining a constant intake of Na, prevents the in-remains to be fully characterized. Genetic defects have
been reported very recently in the electrogenic Na-HCO3 crease in urinary Ca excretion that accompanies the in-
crease in fixed acid production caused by a higher dietarycotransporter [42], which is localized to the basolateral
membrane of the proximal tubule [43] in two unrelated protein intake [45]. The administration of Na as NaHCO3
to healthy subjects prevents the increase in urinary Caand isolated (nonfamilial) Japanese patients with proxi-
mal RTA [44]. that accompanies the administration of equal amounts
of Na as NaCl, and the administration of KHCO3 reduces
Absence of hypercalciuria urinary Ca excretion [27]. The acute administration of
NaHCO3 in normal and acidotic dogs has been shownThese two patients with proximal RTA had normal
rates of urinary Ca excretion despite their systemic acido- has been shown to enhance distal renal tubular Ca reab-
sorption and reduce urinary Ca excretion, independentsis (Fig. 4). By contrast, the induction of stable metabolic
acidosis (stable blood pH levels ranging from 7.24 to 7.38 of PTH [46]. Moreover, enhanced urinary HCO32 excre-
tion, independent of systemic serum [HCO32], increasesand serum [HCO32] ranging from 17.4 to 25.1 mmol/L in
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renal tubular Ca reabsorption [47]. Thus, it seems rea- reduced as was shown in Figure 2 of the initial report
describing this family with hereditary proximal RTA [6].sonable to speculate that the defect in proximal tubular
HCO32 reabsorption results in delivery of normal or at The heights of the affected family members relative to
their ages are shorter than the heights of the unaffectedleast sufficient amounts of HCO32 to the distal nephron
to preserve normal rates of distal Ca reabsorption, thus family members, whose heights are within the normal
range for the rural population of Cost Rica [6]. More-preventing hypercalciuria in these patients. Increasing
pH has been shown to enhance Ca uptake into distal over, radiographs of the bone showed thin cortices in
the proband and low bone density in both patients re-renal tubule luminal membrane vesicles [48]. Such an
effect might be mediated by an effect of tubular fluid ported here (Table 3). The cortices of their bones, as
assessed in the bone biopsies, were also thinner thanHCO32 to cause a relative decrease in Na1-Cl2 cotrans-
port resulting in greater polarization of the luminal mem- that of their unaffected brother (Table 5). Thus, the
acidosis may have had a transient effect during earlybrane and enhancement of luminal Ca uptake via a Ca
channel [49]. infancy to modify bone structure, such a defect being
maintained but then becoming compensated. Such
Metabolic acidosis and bone smaller and less dense bone could also reflect a more
generalized effect of the acidosis to reduce somaticAcids have a well-known effect to cause the release
of bone mineral. Many children are familiar with the growth. As re-emphasized in a recent review [55], growth
retardation is invariably present in distal RTA [56, 57],relatively rapid demineralization of a chicken bone
soaked in a glassful of vinegar (dilute acetic acid, pH and experimental studies have provided evidence that
acidosis impairs growth hormone (GH) secretion, re-about 4) for several days to produce a moist and flexible
(“rubber”) bone. When bone in organ culture is exposed duces the numbers of GH receptors, and reduces insulin-
like growth factor-1 [58]. Moreover, growth impairmentto conditions of metabolic acidosis using a culture me-
dium that is acidified within the physiological range to can be more marked as the severity of acidosis increases.
Thus, in the proband, III-9, the greatly blunted GH re-pH about 7.10 by reducing the [HCO3] concentration of
the culture medium to about 12 mmol/L, Ca is rapidly sponse to insulin-induced hypoglycemia may be a factor
in his growth retardation, which is the most severe andreleased into the culture medium. This occurs because
of both physicochemical bone dissolution and increased associated with the lowest serum [HCO3] in comparison
to the other the affected family members. The presentlycell-mediated bone resorption with inhibition of bone
formation [50–54]. The hypercalciuria that accompanies available data do not exclude more subtle defects in GH
release or the subsequent sequence of GH effects in III-7.the induction of stable metabolic acidosis by the ongoing
administration of NH4Cl to normal healthy adult human Studies of bone composition during experimental met-
abolic acidosis in animals [59–62] and the metabolic aci-beings is ultimately derived from bone. Ca balances dur-
ing stable experimental NH4Cl acidosis became more dosis occurring in patients with chronic renal failure [63]
have shown a decrease in bone content of carbonate.negative by an average of 28.2 mmol/day. Fasting uri-
nary Ca excretion rates and daily urinary hydroxyproline Ion microprobe analysis of the surface composition of
bone in organ culture exposed to a medium with a lowexcretion rates are increased and also reflect increased
net bone resorption [25]. The skeleton of an adult of [HCO32] concentration has demonstrated loss of surface
Na and K [64, 65]. Balance studies during the administra-normal stature and weight (60 to 70 kg) contains about
25,000 mmol Ca. Thus, it is evident that about one half tion of NH4Cl have demonstrated transiently negative
Na and K balances during the initial days of acid loading,of skeletal Ca stores would be lost within only a few
years were acidosis to be sustained together with the as a result of increased urinary excretion of Na and K
[2], consistent with the loss of HCO32/CO35 from bone.resulting urinary Ca losses and negative Ca balances.
Such losses could obviously not persist. By contrast, the Conversely, the administration of NaHCO3 or of KHCO3
to healthy adults is accompanied by more positive Natwo patients with familial proximal RTA we studied were
in approximate Ca balance despite persistent metabolic or K balances, respectively, and with either salt or equiv-
alently more negative acid balances reflecting the reten-acidosis. Those observations must indicate that net bone
loss was not occurring. tion of HCO32/CO35 [26]. This retention of base presum-
ably occurred on or within bone because the cumulativeHowever, both of the patients of this study had a
metabolic acidosis that had been present for 19 to 25 retention of about 70 mmol of Na or K during the study
period occurred without changes in the serum concentra-years, and their total bone mass (height) and bone struc-
ture were not normal in comparison to their unaffected tions of Na or K and without changes in body weight,
indicating retention of the ions in an osmotically inactiverelatives. It is possible that bone loss had taken place
when the patients were younger but then ceased, or the form. In view of the studies of bone in experimental
acidosis and uremia that indicate a chronically lowpersistent acidosis modified bone growth to alter the
structure of their bone. The total size of their bones is plasma [HCO32] concentration should be accompanied
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